Mesoporous materials have attracted a great deal of attention because of their controllable structures and compositions, which make them suitable for a wide range of applications in catalysis, environmental clean-up, and development of advanced materials. Various mesoporous materials can be synthesized based on the self-assembly of surfactants and inorganic precursors. We previously demonstrated a novel templating route for preparing mesoporous silicas based on the self-assembly of anionic surfactants and inorganic precursors in the presence of aminosilane or quaternized aminosilane as a co-structure-directing agent (CSDA). We continue to investigate the resultant novel mesoporous materials called anionic surfactant mesoporous silica (AMS). The latest AMS series is a novel bicontinuous cubic Pn3 m mesoporous silica (AMS-10). We have also found that the assynthesized AMS is transformed into amino-functionalized mesoporous silica, by removal of only the surfactant by extraction, with potential uses as high-performance catalysts and adsorbents. Furthermore, the use of a chiral anionic surfactant derived from the amino acid, N-myristoyl-N-myristoyl-N l-alanine sodium salt, provides chiral mesoporous silica. Such anionic surfactant templating routes will provide a new family of mesoporous materials as well as information on the structural behavior of anionic surfactants. This review describes the preparation, properties, and potential applications of anionic surfactant templated mesoporous silicas.
Well-ordered Mesoporous Materials
FSM-16 and M41S materials with regularly ordered mesopore arrangements and narrow pore-size distributions were fi rst described in the early 1990s 1),2) , and the mesostructures of silica and various metal oxides have since attracted much attention from chemists and materials scientists because of emerging applications in catalysis, adsorption, sensors, and separation 3) . Mesoporous materials have superseded zeolite molecular sieves, which have pore size restricted to around 1.5 nm. Like the microporous crystalline zeolites, mesoporous materials are characterized by very large specific surface areas, ordered pore systems, and uniformed-sized pores. Unlike the zeolites, mesoporous materials have large pore diameters ranging from approximately 2 to 50 nm and amorphous walls.
2. Formation Mechanism
The formation of mesostructured materials is achieved by a micelle-templating method, based on electrostatic charge-matching and electrically neutral pathways in the presence of surfactants (S) as a structure directing agent (SDA) 4 ), 5) . The well-ordered mesoporous silicas (M41S family and SBA-1, 2, 3, 7, etc.) are prepared using cationic quaternary ammonium surfactants and based on electrostatic interaction S + I − or S + X − I + (I inorganic precursor) pathways 4) 8) . The hydrogen-bonding interactions S 0 I 0 (HMS family) 9 ) 17) and (S 0 H + )(X − I 0 ) (SBA-11, 12, 15, 16 and FDU-1, 2, 5) 18) 20) are operative in the preparation of mesoporous silicas with neutral nonionic surfactants. These SDAs, in the form of a lyotropic liquid-crystalline phase, lead to the assembly of the silica species during the condensation of the silica precursors to form an ordered mesostructured composite. The mesoporous materials are obtained by subsequent removal of the surfactant by extraction or calcination. Many well-ordered mesoporous materials have been successfully synthesized with diverse mesostructures such as orthorhombic (Pmmm 21) etc.), tetragonal (P42/mnm 22) , P4/mmm 21) ), three-dimensional (3D) hexagonal (P63/mmc 23) ), micellar cubic (Pm3n 7), 24) , Fd3m 25), 26) , Im3m 19) , 24) , Fm3m 27) , Pm3m 19) , etc.), bicontinuous cubic (Ia3d 2),28)
and Pn3m 30) ), rectangular (c2mm 31) ), two-dimensional (2D) hexagonal (p (2D) hexagonal (p (2D) hexagonal ( 6mm 2),18) ), and lamellar phases 2) . A wide range of surfactants are commonly used in various areas, but cationic and non-ionic surfactants have generally been employed as the micelle template for obtaining well-ordered mesoporous materials; whereas synthesis of mesoporous silica using an anionic surfactant had not been attained. Our studies have focused on the synthesis of mesoporous materials by using anionic surfactants as templates.
3. Properties of Anionic Surfactant
Anionic surfactants (carboxylate, sulfate, sulfonate, phosphate, etc.) are massively produced and used in a wide range of applications because of the highly active detergent effects and relatively low cost. In addition, many different types of anionic surfactants are easily available 32) ; various long chain alkyl acids (fatty acid, sulfuric acid, phosphoric acid, N-acylamino acid, etc.) N-acylamino acid, etc.) N are converted to anionic surfactants by neutralization of one or two acid moieties with mono or polyvalent cationic species such as metal ions, or inorganic and organic ammonium ions. Such anionic surfactants are available with a great variety of structures, and are generally biodegradable and obtained from sustainable resources 33) . In particular, anionic surfactants derived from amino acids such as N-acyl-N-acyl-N l-glutamic acid and N-acyl-l-alanine are chiral organic molecules with potential applications in the synthesis of chiral mesoporous materials 34) . We were previously successful in synthesizing anionic surfactant templated mesoporous silica for the fi rst time 35) . Table 1 shows the anionic surfactants available for the synthesis of AMS. We have found that a large variety of anionic surfactants can be employed: in addition to simple carboxylates, sulfates, sulfonates and phosphates with alkyl chains in the C12-C18 ranges, amino acid derivatives such as N-acyl-N-acyl-N l-glutamic acid and N-acyl-N-acyl-N l-alanine are suitable. Such anionic surfactants can be categorized into two types depending on the counter cation of the negatively charged head group: the acid type with a proton as the counter cation, and the salt type with sodium, potassium, ammonium, calcium and various protonated alkyl amines as the counter cation.
Formation Mechanism of AMS

1. Anionic Surfactants Available for Synthesis of AMS
Strategy to Use Anionic Surfactants
The micelle-templating method for well-ordered mesoporous silica depends on the interaction between surfactant molecules and silica precursor species. Alkoxysilanes, Si(OR)4, e.g., tetraethyl orthosilicate (TEOS), are often used as a silica source. The hydrolysis reaction of Si(OR)4 catalyzed by acid or base replaces alkoxy groups with hydroxy groups to form Si(OR)4−x −x − (OH)x. Subsequent condensation reactions of the silica species produce siloxane bonds ( Si _ O _ Si ) and alcohol or water as by-products, leading to the formation of the silica framework. On the basis of the isoelectric point of orthosilic acid, Si(OH)4 (pH about 2.5) 36) , acidic silanols are deprotonated in the pH range above 2, forming negatively charged silica precursors ( SiO − ), whereas silanol or alkoxy groups are protonated in the pH range below 2, forming positively charged silica species ( Si _ OH2 + ). We attempted to synthesize mesoporous silica under acidic conditions using TEOS and sodium dodecyl sulfate (SDS) as the silica source and anionic surfactant, respectively, because the negatively charged head groups of the anionic surfactant were expected to interact with the positively charged silica precursors ( Si _ OH2 + ). Derivatives from amino acids (n 12-18)
However, this interaction did not occur because the acid type surfactant formed under acidic conditions was difficult to partition into the aqueous solution ( Fig. 1 (a) ). Attempts to use anionic surfactants under basic conditions were also unsuccessful because the negatively charged silicates ( Si _ O − ) could not interact with the negatively charged head group of the anionic surfactant due to electrostatic repulsion (Fig. 1  (b) ). Therefore, we proposed the introduction of an organoalkoxysilane with a positively charged functional group (Fig. 1 (c) ) to act as an additional silica source in the synthetic system 35) . We synthesized mesoporous silica using a mixture of 3-aminopropyltriethoxysilane (APS) and TEOS as the silica source in the presence of sodium dodecyl sulfate (SDS). Since the dissociation constant pKa of the protonated amino group in APS is about 10.6 at 298 K, a considerable number of amino groups must be protonated to allow interaction with the anionic surfactant head group in the pH range below 10. We fi rst synthesized the anionic surfactant templated mesoporous silica (AMS). In this case, APS acts as a part of the SDA. Therefore, we classifi ed APS as a co-structure directing agent (CSDA). The direct electrostatic interaction between the positively charged amino groups in APS and the negatively charged head groups in the anionic surfactant is a driving force in the S − N + I − pathway for forming the silica _ micelle composite 35) . However, although the first AMS had uniform mesopores and a high specifi c surface area, the arrangement of the mesopores was disordered. We intended to synthesize well-ordered mesoporous silica through the S − N + I − pathway, so the synthesis conditions were extensively examined.
3. Two Synthesis Routes to the Formation of
AMS By optimizing the combination of the SDA and CSDA, and controlling the synthesis conditions, various well-ordered mesophases ( Table 2 ) have been successfully prepared 37) 39) . In addition to APS, which is a base, N-trimethoxylsilylpropyl-N,N,N-trimethylammonium chloride (TMAPS), a quaternized ammonium salt, is useful as a CSDA. Furthermore, in addition to salt-type surfactants, acid-type surfactants are suitable as SDAs. Well-ordered AMS materials can be synthesized by double decomposition and neutralization, as shown in Fig. 2 . If a salt type of anionic surfactant is used as the SDA, a salt type of CSDA should be used. In this case, the SDA and CSDA can interact by a double decomposition mechanism. On the other hand, if an acid type of anionic surfactants is used as the SDA, a base type of CSDA should be used. In this case, the SDA and CSDA can interact by a neutralization mechanism. The alkoxysilane moieties of APS and TMAPS are co-condensed with tetraalkoxysilane, e.g. TEOS, to be assembled subsequently to form the silica framework. The trimethylene groups of APS and TMAPS covalently tether the silicon atom incorporated into the framework to the head group of the anionic surfactant.
Diversity in Mesostructures of AMS
1. Structural Diversity
The introduction of CSDAs into the reaction system results in electrostatic interaction between the anionic surfactants and inorganic species, affecting the packing parameters, which are key factors in the formation of highly ordered mesophases and selecting a certain structure. Various mesophases, including lamellar, two-dimensional hexagonal p6mm, tetragonal P42/mnm, chiral mesostructure with helical channel pores was synthesized for the fi rst time 42) . Table 2 summarizes the typical molar composition of reactants and synthesis conditions employed in the syntheses of series AMS-1 to AMS-10.
Recently, the formation mechanism of highly ordered AMS materials was described in terms of the degree of ionization of the carboxylate surfactants 43) . Changing the degree of ionization of the surfactant results in changes in the surfactant packing parameter, g, which leads to different mesostructures. Furthermore, changing the charge density of positively charged amino groups of the CSDA also gives rise to different values of g, resulting in different mesostructures. Structural transformations may be induced in the synthesis of mesocage materials by delaying the time of addition of the silica source (TEOS) with respect to the CSDA, which is clearly associated with precise control of the micellar (local) and structural (mesoscale) characteristics of the resulting porous solid 22) . These investigations open up possibilites in synthesis, characterization, and applications that could be central to the development of mesoporous structured materials as well as nanotechnology and materials engineering.
2. Contribution of HRTEM to the Determination of the Precise Mesostructures
Powder X-ray diffraction (XRD) data cannot provide detailed structural information on the regularity of AMS-n mesostructures; the amorphous nature of mesoporous cavity-crystals prevents structural elucidation because of the low number of observed X-ray reflections. Therefore, unambiguous solution of the three dimensional (3d) structures by XRD is extremely difficult.
High-resolution transmission electron microscopy (HRTEM) is a powerful technique for determining and characterizing structures of porous crystals or structural defects including surface fi ne structures 44), 45) . Electron microscopy and electron crystallography can provide unambiguous structural solutions; the 3d-structures . When anionic surfactants derived from chiral amino acids as SDA are used, unique mesostructures with periodic modulations or unusual long-range periodicity can be obtained. These modulations may be caused by the coexistence of micelles with different size and curvature including local chirality, suggesting that more than one competing stabilization mechanism is operative, and that more than one synthetic/mechanistic parameter is involved. The formation of local chiral structures seems to account for the observed structural modulations, since all mesostructures were synthesized with chiral anionic surfactants 22),37) 40) . HRTEM is very powerful for the characterization of defects or structural modulations, thus providing information on the growth mechanism as well as structural stability. Approaches to obtain quantitative and self-consistent structural solution of porous crystals based only on imaging and/or diffraction are challenging. HRTEM analyses are the most important technique for elucidating mesostructures, and will promote the creation of novel porous materials.
Importance of the CSDA
The strength of the interaction between surfactants and silica species is extremely important for the formation of well-ordered mesostructure in the synthesis of mesoporous silica by a surfactant micelle-templating method. The CSDA is a major factor in the synthesis of AMS, by acting as the only mediator between the surfactants and silica species. Since the discovery of
AMS, 3-aminopropyltrimethoxysilane (APS, base type) and N-trimethoxysilylpropyl-N-trimethoxysilylpropyl-N N, N, N N, N, N N-trimethylammonium N-trimethylammonium N chloride (TMAPS, salt type) have been employed as
CSDAs in neutralization and double decomposition systems, respectively. The amount, structure and size of the base type CSDA will influence the pH of the synthesis solution, the strength of the interaction with SDA, and the curvature of the interface between SDA and CSDA together with silica species, leading to modifi cations of the resulting mesostructures. Four different types of base type CSDAs including APS and TMAPS have been employed for the synthesis of AMS (Fig. 3) ; the structure and basicity of these base type CSDAs affect their interaction with anionic surfactants. As a result, the CSDA controls the resulting mesostructure, and the choice of CSDA and pH in the gel can determine the AMS mesostructure 48) . We have successfully synthesized an AMS material with a novel mesostructure (AMS-10). AMS-10, which has a novel bicontinuous double diamond cubic Pn3m structure, was obtained using N-methylaminopropyltrimethoxysilane (MAPS) and N-lauroyl-N-lauroyl-N l-alanine (C12-l-ALaA) as the CSDA and SDA, respectively, and carefully controlling the synthesis conditions 49) . AMS-10 has been synthesized by controlling the neutralization degree of the anionic surfactant using TMAPS and N-myristoyl-N-myristoyl-N l-glutamic acid (C14-l-GluA) as the CSDA and SDA, respectively 41) . Both approaches focus on the structure of the CSDA and the neutralization degree of the SDA, to achieve the formation of AMS-10, suggesting that the interaction between the CSDA and SDA controls the resultant mesostructure.
4. Structure of AMS-10
The AMS-10 has a novel bicontinuous double diamond cubic Pn3m symmetry, and can be synthesized by two different approaches. Figure 4 (a) shows the XRD pattern of AMS-10 synthesized by controlling the CSDA method, which exhibits two intense and wellresolved peaks in the range 1 2θ 2 with a d spacd spacd ing ratio of about 3 2 , which is quite rare in known types of mesoporous silica. The N2 adsorption and desorption isotherms of the AMS-10 sample show typical type IV patterns with an evident hysteresis loop (Fig. 4  (b) ). Pn3 m (224). The space group Pn3m was chosen because of its high symmetry. Thus, the fi rst two peaks of the XRD pattern can be assigned as 110 and 111 refl ections based on a cubic Pn3m space group, and the unit cell of AMS-10 was calculated at 9.3 nm from the 110 peak. Detailed characterizations based on the XRD, HRTEM, and nitrogen adsorption studies, and electron crystallography provided the 3d structure.
The 3d reconstruction of the structure was based the analysis of Fourier diffractograms taken from TEM images along high-symmetry zone axes of AMS-10 41) . Figures 6 (a) and (b) show that the silica wall of the AMS-10 follows a typical diamond minimal surface (D surface). This is a close analogy for the gyroid minimal surface (G surface) observed for the silica wall of MCM-48 28) . We conclude that AMS-10 has a bicontinuous structure consisting of an enantiomeric pair of 3D mesoporous networks that are interwoven as shown in Fig. 6 (c) . Each network, which is divided by a D surface, consists of tetrahedral connection of . Therefore, this bicontinuous cubic mesoporous material could be useful, for example, as a biocompatible material for the encapsulation, controlled release, and delivery of drugs and biomolecules.
Amino-functionalized AMS
The pore size of mesoporous silica is large enough to accommodate a variety of large molecules, and the high density of silanol groups on the pore wall is benefi cial to the introduction of functional groups with high coverage. . A novel synthetic route to mesoporous silicas using anionic surfactants involves the use of CSDAs such as TMAPS and APS under alkaline conditions. These mesoporous structures are synthetically interesting for both structural diversity, including chiral properties, and for the potential to functionalize the pore surface by removing the surfactant by solvent extraction. The calcination of as-synthesized AMS leads to the removal of both the surfactant and organic moieties derived from the CSDA, resulting in purely inorganic silica. Removal of the surfactant by acid extraction results in mesoporous silica with aminopropyl groups (Fig. 7) 35) . The amino-functionalized AMS has applications in solidbase catalysis, adsorption, drug delivery, etc.
Details of the synthesis and characteristics of the amino-functionalized AMS synthesized with APS as CSDA and lauric acid sodium salt (LAS) as SDA have been investigated 51) . As a control, amino-functionalized MCM-41 was also synthesized by the direct cocondensation method using the typical cationic surfactant dodecyltrimethylammonium bromide, APS and TEOS 52) . We tried to clarify the differences in the state and activity of the amino groups found in the two functionalized mesoporous silicas synthesized via anionic and cationic surfactants templated routes using adsorption of Co 2+ from solution and solid-base catalysis for the Knoevenagel condensation. The amino-functionalized AMS samples showed higher adsorption capacity for Co 2+ cations and higher activity for the Knoevenagel condensation than the amino-functionalized MCM-41 sample 51) . Solid-state 29 Si MAS NMR analyses showed marked differences in the degrees of silica condensation and incorporation of APS into the silica framework between the two samples 51) . When amino-functionalized mesoporous materials are used as adsorbents and catalysts, the amino groups are exposed to the surface to be able to interact with adsorbates and reactants. The CHN elemental analysis technique used to estimate the content of the organic groups measures the content of all the amino groups. On the other hand, the argentometric titration technique measures only the content of amino groups on the surface 53) . Comparison of the measurements of amino groups from the CHN analysis and the titration provides defi nitive evidence for the location of the amino groups. The aminopropyl groups in the MCM-41 synthesized via the cationic surfactant templating route cannot penetrate into surfactant micelles because the hydrophilic amino groups would be repelled by the hydrophobic alkyl chains inside the micelles. Instead, parts of the amino groups could be occluded in the silica wall 52) . On the other hand, almost all the aminopropyl moieties in AMS were present on the surface with homogenous distribution, probably due to the direct electrostatic interaction between the cationic amino groups in APS and the anionic surfactant head groups of the micelles (Fig. 8) 
51)
. Synthesized functionalized AMS with homogeneously distributed pendent amino groups on the surface of the mesoporous silica has potential uses as catalysts, adsorbents, ligands to immobilize complexes, and so on 50),51) .
Chiral AMS
1. Structural Characterizations of Chiral AMS
The use of a chiral anionic surfactant derived from amino acid, sodium N-acyl-N-acyl-N l-alanate, as a SDA enabled us to obtain chiral mesoporous silica 42),54) . Figure 9 (a) shows the X-ray diffraction (XRD) pattern of calcined chiral mesoporous silica. Three well-resolved peaks in the range 2θ 1.5-6 were indexed as 10, 11 and 20 reflections, based on the two-dimensional hexagonal p6mm symmetry with a unit cell of a 4.4 nm, indicating that this mesoporous silica has a highly ordered 2d-hexagonal mesoscopic structure. Nitrogen adsorptiondesorption isotherms also confirmed the existence of uniform mesopores with a BJH pore diameter of 2.2 nm (Fig. 9 (b) ). The BET (Brunauer-Emmett-Teller) surface area and mesopore volume were 600 m 2 g −1 and 370 mm 3 g −1 , respectively. Scanning electron microscopy (SEM) revealed twisted hexagonal rod-like morphology with hexagonal crosssection, 130-180 nm in outer diameter and ca. 1-6 µm in length. The helical pitch along the rod axis was estimated to be ~1.5 µm from the six distinct surfaces (Fig. 10) . However, the external morphology of twisted hexagonal rods does not directly indicate the presence of a chiral pore structure inside the rods.
Three-dimensional structural information can be obtained directly from a two-dimensional projection image (obtained by TEM) via either electron crystallography or tomographic techniques. TEM images and specially developed computer simulation software were used to clarify the mesoporous structure of this chiral material 55) . Consequently, HRTEM analyses with image simulations elucidated the structure as twisted hexagonal long rod-like morphology associated with hexagonally well-ordered mesopores arranged along the long axis of the rods. Figure 11 (a) shows the TEM image of the rod, an enlarged image of the rectangular area is shown in Fig. 11 (b) , and further enlargement of the rectangular part in Fig. 11 (c) . The corresponding simulated image to Fig. 11 (b) is Fig. 11 (d) . The simulated image fits the TEM image very well. Whether the channels are chiral is diffi cult to determine unambiguously directly from the TEM images, but the simulated image shows that these two-dimensionalhexagonal chiral channels running inside the rod are consistent with the data.
2. Control of Handedness of Chiral Mesoporous
Silicas The influence of the stereoisomerism of the chiral surfactant on the mesostructure and morphology of chiral AMS was investigated. The enantiomers of the chiral anionic surfactant, N-myristoyl-l/d-alanine (C14-l/d-AlaA), were synthesized by acylation of l/ d-alanine with myristoyl chloride (Fig. 12 ) 56) . Chiral mesoporous silicas with helical morphologies were successfully synthesized using the chiral anionic surfactants N-miristoyl-d-alanine (C14-l-AlaA) and
The left-/righthanded ratios for the helical particles synthesized with C14-l-AlaA and C14-d-AlaA were 75/25 and 25/75, respectively, indicating that the predominant handedness of helices was directed by the handedness of the surfactants 57) . Although the use of the mixture of C14-l-AlaA and C14-d-AlaA led to the formation of disordered AMS with spherical, irregular and amorphous morphologies as well as helical morphology, the left-/right-handed ratio in the helical particles could be controlled by chang ing the stereo-isomer ratio of the surfactants. A plot of the enantiomeric excess (ee) of the handed particles, ee(P) ( ), as a function of the ee of the surfactants, ee(X (X ( ) ( ), is shown in X) ( ), is shown in X  Fig. 13 57)
. We expect that knowledge obtained from this study will contribute to the development and application of chiral mesoporous materials as well as the elucidation of the formation mechanism of chiral AMS.
Achiral surfactants can also form helical mesoporous silicas by optimizing the synthesis conditions, but the left-/right-handed ratio of helical particles remained at 50/50 58), 59) . The synthesis of helical mesoporous materials with tunable pitch size is possible in the presence of achiral surfactants, and a simple and purely interfacial interaction meschanism was proposed to explain the spontaneous formation of helical mesostructures 60) . 
Conclusions and Outlook
Novel routes using aminosilanes or quaternized aminosilane as CSDAs have led to the fi rst successful synthesis of mesoporous silica directed by anionic surfactants, providing new families of mesoporous materials from a large variety of anionic surfactants. The AMS materials synthesized with anionic surfactants derived from chiral amino acids have interesting structural features with long-range periodicity arising from modulations occurring along specifi c orientations. This novel route has the potential for the synthesis of mesoporous silica for advanced applications in catalysis, adsorption and separations, nanocasting and nanodevices. Especially, the successes of chiral AMS could lead to new uses of mesoporous silica and other chiral pore materials for catalysis and separation media, in which both shape selectivity and enantio-selectivity have potential applications in the manufacturing of enantiomerically pure chemicals and pharmaceuticals. 
